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Bacteriophage l-derived replicons can replicate in Escherichia coli cells as plasmids. In the control of replication of these
plasmids, an important role was ascribed to the l Cro repressor autoregulatory loop. However, the oR/pR-cro-tR1-cII9 region
could be replaced by the ptetA promoter under the control of the TetR repressor, producing plasmid pTCl1. Here, we
demonstrate that stable maintenance of pTCl1 depends on the host DnaA function because deletion of one of DnaA-binding
sequences present in pTCl1 resulted in a decrease in the plasmid (pTCl2) copy number and poor maintenance of pTCl2
in E. coli. Moreover, in contrast to the replication of the wild-type l plasmid, previously found to be positively regulated by
DnaA (acting on a relaxed DnaA box situated immediately downstream of the pR promoter), the replication of pTC plasmids
(devoid of pR) was found to be negatively regulated by DnaA. Contrary to wild-type l plasmids, in cells harboring l cro
[temperature-sensitive (ts)] or pTCl1 (but not pTCl2) plasmid, the l replication complex was heat shock resistant; this
complex, however, disassembled after inactivation of DnaA function. This disassembly was blocked by DNA gyrase inhibitors.
According to our model outlined previously, we propose that the heat shock resistance of the replication complex of lcro2
plasmids depends on the interaction of the DNA-bound DnaA protein with the DNA-bound l replication complex. The
replication complex-DnaA-l DNA structure may be directly related to the role of DnaA as the Cro-replacing negative
regulator of lcro2 plasmid replication. © 1998 Academic Press
INTRODUCTION
Bacteriophage l serves as a paradigm of molecular
mechanisms of many general biological processes, in-
cluding DNA replication. For studies on l DNA replica-
tion, plasmids derived from this bacteriophage are com-
monly used as models. These plasmids contain the rep-
lication region from phage l genome encompassing all
genes and regulatory sequences necessary for their
replication in Escherichia coli cells. The plasmids de-
rived from phage l replicate according to the phage l
early replication mode; hence, most of the recent infor-
mation and all in vitro results concerning early l DNA
replication originate from studies on l plasmids (for
reviews, see Taylor and We(grzyn, 1995, 1998).
It was generally assumed for a long time that the
bacteriophage l Cro repressor is required for stable
maintenance of phage l-derived plasmids in cells of E.
coli as a unique element of negative control of DNA
replication (Matsubara, 1981). By binding to the l oR
operator, it represses the pR promoter-initiated transcrip-
tion (for a review, see Gussin et al., 1983). Dilution of Cro
in the increasing volume of the growing host cell would
result in derepression of this transcription that activates
origin of replication, oril, promotes expression of the l
replication genes O and P, and finally leads to l plasmid
replication (for a review, see Taylor and We(grzyn, 1995).
Transcription of the cro-cII-O-P operon leads also to an
increase of Cro concentration and to repression of all
these processes. It was assumed that the periodical Cro
derepression allows l plasmid to keep pace with the
host cell growth (Matsubara, 1981).
Recently, we replaced the oR/pR-cro-tR1-cII9 region of a l
plasmid with the tetracycline-resistance gene promoter,
ptetA, under the control of the TetR repressor (Herman-
Antosiewicz et al., 1998). The copy number of this plasmid,
called pTCl1, could be regulated by the concentration of
autoclaved chlortetracycline (cTc). These results suggested
that the Cro-autoregulatory loop may be replaced by an-
other regulatory loop. Moreover, we also constructed a l
plasmid (containing phage l replication region from pR to P)
bearing a cro-null mutation, which was stably maintained in
E. coli (Herman-Antosiewicz et al., 1998). These results
ultimately eliminated the requirement for Cro repressor
regulation in the replication of l plasmids. However, be-
cause both pTCl1 and lcro-null plasmids are maintained
at a constant copy number in the host cells, there must be
another, as yet unidentified, mechanism controlling the fre-
quency of initiation of l plasmid replication so that only one
initiation per one oril occurs on average within a cell cycle.
One of candidates for the regulator or regulators of the
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replication initiation of lcro2 plasmids is DnaA, a host
protein acting as an initiator of E. coli chromosome
replication (for a review, see Messer and Weigel, 1996). It
was demonstrated previously that DnaA activates tran-
scription from the l pR promoter (We(grzyn et al., 1995a)
by binding to a DnaA-box sequence located downstream
of pR and by direct contact with RNA polymerase b
subunit (Szalewska-Pałasz et al., 1998a). This transcrip-
tion seems to play a very important role in the regulation
of l plasmid replication not only by providing mRNA for
O and P proteins but also by serving as transcriptional
activation of oril, a process indispensable for the repli-
cation initiation (Dove et al., 1969; Nijkamp et al., 1971;
Szalewska-Pałasz et al., 1994; Szalewska-Pałasz and
We(grzyn, 1994; Taylor and We(grzyn, 1995). Another role
for DnaA was proposed recently in the course of studies
on the stability of the l replication complex. It was
demonstrated that although free O protein is rapidly
degraded in E. coli cells, it is stabilized in the replication
complex due to its protection from ClpP/ClpX protease
by other elements of this complex (We(grzyn et al., 1992,
1995b). Such a replication complex containing a stable
fraction of the O protein is inherited by one of two
daughter plasmid copies after each replication round
and may function for many cell generations (We(grzyn and
Taylor, 1992; We(grzyn et al., 1996a). However, in E. coli
cells bearing a wild-type l plasmid, the replication com-
plex disassembles on heat shock, and liberated O pro-
tein is prone to proteolysis (We(grzyn et al., 1996b). Inter-
estingly, in cells harboring a lcro(ts) plasmid, a temper-
ature upshift did not provoke the disassembly of the
replication complex (We(grzyn et al., 1996a). Our recent
studies revealed that dissociation of the l replication
complex from DNA is caused by DNA gyrase-mediated
negative supercoiling, which follows the heat shock-
provoked relaxation of plasmid DNA; subsequent action
of GroEL and GroES chaperones makes O protein sus-
ceptible for proteolysis (We(grzyn et al., 1998). According
to the proposed model (We(grzyn et al., 1998), heat shock
resistance of the replication complex in lcro(ts) plasmid-
harboring cells means that this heritable, O-containing
structure resists dissociation from l DNA. It seems that
the strong (relative to lcro1) binding of the replication
complex to l DNA in lcro(ts) plasmid-harboring cells is
due to its interaction with some DNA-bound protein or
proteins. It was speculated that DnaA may be a candi-
date for such a protein (We(grzyn et al., 1998).
The aim of this work was to investigate a role for DnaA
in the regulation of replication of l plasmids devoid of
the Cro autoregulation. It seems that DnaA may have
multiple roles in the regulation of l plasmid replication,
revealed especially in cro2 constructs. One of the well-
studied DnaA functions is activation of the pR promoter
(We(grzyn et al., 1995a; Szalewska-Pałasz et al., 1998a),
present in standard l plasmids but absent in pTCl1.
Therefore, in our studies, we concentrated on plasmid
pTCl1 and its derivative to avoid overlapping of effects of
different DnaA functions on the regulation of l plasmid
replication.
RESULTS
Potential DnaA binding sequences in plasmids pTCl1
and pTCl2
Previously, we constructed plasmid pTCl1 (Herman-
Antosiewicz et al., 1998), in which the entire regulatory
region oR/pR-cro was replaced with the ptetA promoter,
being under the control of the TetR repressor (for a
review, see Hillen and Berens, 1994). Autoclaved cTc,
which has lost its antibiotic function, still inactivates TetR
repressor inducing the ptetA-initiated transcription (Boch-
ner et al., 1980; Posfai et al., 1994). In this work, we
wanted to delete as much as possible of the DNA region
that was nonessential for plasmid replication and we
constructed a derivative of pTCl1, called pTCl2 (Fig. 1).
Because the aim of this work was to investigate a role for
E. coli DnaA protein in the regulation of lcro2 plasmid
replication, we analyzed the sequence of these plasmids
in a search for potential DnaA-binding sites. Our recent
computer-mediated analysis of the l replication region
(Szalewska-Pałasz et al., 1998a) identified several DnaA
boxes of the relaxed sequence proposed by Schaefer
and Messer (1991), T/C
T/C
T/A/CT
A/CC
A/G
A/C/T
A/C. In the
pTCl1 plasmid, the region oR/pR-cro-tR1-cII9, containing
five potential DnaA box sequences numbered 1–5, has
been deleted (Fig. 1). However, a new relaxed DnaA box
originating from Tn10, situated downstream of the ptetA
promoter, has been introduced during construction of
pTCl1. It was situated only one helix turn upstream of the
former DnaA box 5 and was oriented leftward; hence, it
was numbered 59. This DnaA box was deleted during
construction of the plasmid pTCl2 (Fig. 1). The l DNA
region, which left unchanged in both pTC plasmids, con-
tains the right portion of the cII gene, which bears the
sequence coding for the short antisense oop RNA with
its promoter po (Hayes and Szybalski, 1973), the O and P
replication genes, and oril situated in the middle of the
O gene. From the entire region from oR/pR to oril, only
one, relaxed, DnaA box, box 6, situated in the left portion
of the O gene, was present in pTCl2. However, our
search revealed sequences protected by DnaA protein
from DNase I digestion in the region of the po promoter
(Szalewska-Pałasz et al., 1998b).
Maintenance and copy number of plasmids pTCl1
and pTCl2 in E. coli
We found previously that plasmid pTCl1 could not trans-
form E. coli cells without cTc in the medium, but concen-
tration of cTc as low as 0.1 mg/ml was sufficient to obtain
transformants (Herman-Antosiewicz et al., 1998). Neverthe-
less, pTCl1 was stably maintained in E. coli in a cTc
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concentration range of 0.5–1.0 mg/ml. At low cTc concen-
trations and at 2 mg/ml cTc, the plasmid was not so well
maintained, and at 5 mg/ml, the plasmid was rapidly lost
due to the appearance of large plasmid multimers (Her-
man-Antosiewicz et al., 1998). Here, we found that the
pTCl2 plasmid, differing from pTCl1 by a 130-bp deletion
encompassing DnaA box 59, could transform E. coli cells at
a minimal cTc concentration of 0.5 mg/ml (data not shown).
This plasmid was generally poorly maintained at all cTc
concentrations studied (Fig. 2).
Dependence of plasmid copy number on the con-
centration of cTc also demonstrated a significant dif-
ference between pTCl1 and pTCl2 (Fig. 3). When
studied at the same cTc concentrations ($1 mg/ml),
pTCl2 revealed a significantly lower copy number per
host cell than pTCl1.
Our results indicate that the DnaA box 59 takes part in
a process responsible for stable maintenance and reg-
ulation of copy number of pTCl1, suggesting an impor-
tant role for DnaA protein in the control of replication of
such a plasmid. It seems also that by construction of
pTCl2, we approached the upper limit of a tolerated
deletion of the nonessential region of l plasmid DNA
downstream of the pR promoter.
FIG. 1. Maps of the replication regions of a standard l plasmid and plasmids pTCl1 and pTCl2. Phage l genes present in these plasmids are
cro, cII, O, P, and, in some constructs, ren for a standard l plasmid (e.g., pKB2), and cII9, O, and P for pTCl1 and pTCl2 (for details of the construction
of pTCl1, see Herman-Antosiewicz et al., 1998). (Open arrows) Potential DnaA box sequences are numbered. (Arrowheads) Orientation. (Short shaded
arrows) Promoters. (Arrowheads) Directionality of transcription. (Shaded rectangles) Terminators. (Long shaded arrows) Genes. KpnI restriction sites,
used in construction of pTCl2, are indicated. At the bottom, the scale is provided (in bp).
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Role of DnaA in the pTC plasmid replication
It was demonstrated previously that wild-type l plas-
mids cannot transform E. coli strains bearing a ts muta-
tion dnaA46, dnaA204, or dnaA508 even at 30°C, a tem-
perature permissive for cell growth (We(grzyn et al.,
1996c; Szalewska-Pałasz et al., 1998a). Other dnaA (ts)
mutants could be efficiently transformed by l plasmids.
However, neither wild-type l plasmids nor lp mutants
(able to transform dnaA46, dnaA204, and dnaA508 mu-
tants at 30°C) replicated in all investigated dnaA temper-
ature-sensitive mutants at 43°C (We(grzyn et al., 1996c),
demonstrating that DnaA function is indispensable. It
was proposed that impaired replication of l plasmids in
dnaA46, dnaA204, and dnaA508 mutants at 30°C was
caused by inefficient stimulation of the pR promoter by
mutant DnaA protein and thus low efficiency of transcrip-
tional activation of oril (We(grzyn et al., 1996c; Sza-
lewska-Pałasz et al., 1998a). If this were true, we should
observe an efficient transformation of all dnaA(ts) mu-
tants at 30°C by pTCl1 and pTCl2 because by using a
ptetA–lacZ fusion, we have found that the activity of the
ptetA promoter is not affected by dnaA function (Fig. 4).
Therefore, point mutations in dnaA should have no effect
on transcriptional activation of oril present in pTCl1 and
pTCl2. As expected, we found that both these plasmids
efficiently transformed the dnaA1 strain, as well as all
tested dnaA(ts) mutants, at 30°C (Table 1). However,
pTCl1 and pTCl2 were not able to transform the dnaA-
null strain (Table 1), indicating again that DnaA plays
another important role in the regulation of oril-based
plasmid replication in addition to stimulation of transcrip-
tion leading to activation of the origin region, at least
under the cro2 conditions.
FIG. 2. Maintenance of the pTCl2 plasmid in E. coli wild-type cells
(MG1655) at cTc concentrations: 0.5 mg/ml (f), 1 mg/ml (F), 2 mg/ml (),
and 5 mg/ml () in comparison with maintenance of wild-type l plasmid
(pKB2) in the same host (double triangles). The cells bearing pTCl2 or
pKB2 were grown in LB medium without an antibiotic; samples were
withdrawn at indicated times, and the number of cells resistant to Cm
(for pTCl2) or Km (for pKB2) and all cells was calculated by titrating
bacteria on plates with and without appropriate antibiotic.
FIG. 3. Copy number of pTCl1 (f) and pTCl2 () plasmids in
wild-type E. coli cells growing in LB medium containing 35 mg/ml Cm
and different concentrations of cTc.
FIG. 4. Activity of the ptetA promoter as revealed by measurement of
b-galactosidase activity (in Miller units) in dnaA1 and dnaA46(ts) cells
bearing a single-copy ptetA-lacZ fusion in the chromosome at 30°C (M)
and 43°C (f).
TABLE 1
Transformation Efficiency of E. coli dnaA Mutants by pTCl1 and
pTCl2 Plasmids (or Their Derivatives) at 30°C
Strain
Transformation efficiencya
pTCl1 or pTCl19 pTCl2 or pTCl29
CM732 (dnaA1) 1.5 3 104 4.2 3 103
CM740 (dnaA5) 9.1 3 103 1.1 3 104
CM742 (dnaA46) 2.7 3 104 2.6 3 104
CM746 (dnaA204) 7.9 3 104 4.3 3 104
CM2555 (dnaA508) 3.7 3 104 2.8 3 104
CM2735 (dnaA602) 2.7 3 104 5.9 3 104
TC3478 (dnaA-null) ,101 ,101
a Transformation efficiency was measured as a number of transfor-
mants per 1 mg of plasmid DNA. The competence of the dnaA-null cells
was verified by transformation with plasmid pBR322 (transformation
efficiency was 4.4 3 104 transformants per 1 mg of plasmid DNA; the
transformants were scored on LB plates containing 50 mg/ml Ap). In
most experiments, plasmids pTCl1 and pTCl2 were used. These
plasmids bear a CmR gene, and the transformants were scored on LB
plates containing 35 mg/ml Cm. However, strain CM2555 (dnaA508)
was found to be sensitive to chloramphenicol even when containing a
plasmid bearing a CmR gene (We˛grzyn et al., 1996c), and strain TC3478
(dnaA-null) bears a CmR gene inserted into dnaA. Therefore, in exper-
iments with these strains, derivatives of pTCl1 and pTCl2, pTCl19 and
pTCl29, respectively, which bear a KmR gene, were used, and the
transformants were scored on LB plates containing 50 mg/ml Km.
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We therefore investigated replication of pTCl1 and
pTCl2 in the dnaA46(ts) mutant at 30° and 43°C. We
found that the amount of pTCl1 plasmid DNA per bac-
terial mass increased significantly after a temperature
shift when cTc was present at a concentration of 0.5
mg/ml but not at a concentration of 5 mg/ml (Figs. 5A and
5B). Similar results were obtained with plasmid pTCl2
(Figs. 5C and 5D). To measure the kinetics of plasmid
DNA replication, we used pulse labeling with [3H]thymi-
dine and found that at 0.5 mg/ml cTc, an increase in
pTCl1 and pTCl2 synthesis occurred shortly after a
temperature upshift, followed by a decrease in the syn-
thesis rate to the value similar to that observed at 30°C
(Fig. 6). These results indicate that DnaA plays a nega-
tive role in the regulation of replication of pTCl1 and
pTCl2.
Transcription of the l replication region in the
presence and absence of DnaA function
We assumed that a negative role for DnaA in the
regulation of replication of pTCl1 and pTCl2 might be
due to a transcription termination somewhere between
the promoter and oril; thus, transcriptional activation of
the origin would be inhibited by DnaA. In fact, DnaA-
mediated transcriptional termination at DnaA binding
regions was demonstrated previously (Schaefer and
Messer, 1991). Therefore, we constructed fusions bear-
ing lacZ reporter gene under control of the ptetA promoter
but bearing different fragments of l DNA between these
two genetic elements (Fig. 7). Then, we measured fusion
activities in dnaA1 and dnaA46(ts) hosts after the addi-
tion of cTc at 30°C to 0.5 or 5 mg/ml and a shift to 43°C.
As mentioned previously (Fig. 4), the activity of the ptetA
promoter was found to be independent on DnaA func-
tion, so any effect of the dnaA mutation on the fusion
activity could be ascribed to differences in transcription
termination. However, no significant increase was ob-
served in the activity of all tested fusions in dnaA46
mutant relative to dnaA1 strain (Fig. 7). In fact, the long-
est fusion revealed a decrease in the activity in the
absence of DnaA function (which could suggest that
DnaA somehow stimulates expression of lacZ in this
construct), and activities of other fusions were similar in
both dnaA1 and dnaA46 strains (Fig. 7). These results
indicate that DnaA has only a minor effect on transcrip-
tion initiated at ptetA and proceeding through oril.
Role of DnaA in heat shock resistance of the l
replication complex
One of the features ascribed to the Cro-independent
control of replication is the heat shock resistance of the
replication complex (We(grzyn et al., 1996a, 1998). In lcro1
plasmid-harboring cells, the DNA gyrase-mediated nega-
tive supercoiling, which follows the initial heat shock-pro-
voked plasmid relaxation, seems to result in dissociation of
the replication complex from plasmid DNA. Then, this her-
itable, O-containing protein structure is prone to the GroEL/
GroES chaperone-mediated disassembly, and O is no
longer protected from the action of the ClpP/ClpX protease
(We(grzyn et al., 1996b, 1998). However, in the case of the
lcro(ts) plasmids, the replication complex seems to be
bound so strongly to the plasmid DNA, probably due to
interactions with l DNA-bound protein or proteins, that it
survives the heat shock (We(grzyn et al., 1998). Because it
was speculated that DnaA may be a candidate for a DNA-
bound protein capable of stabilizing the replication complex
(We(grzyn et al., 1998), we investigated stability of the repli-
cation complex in dnaA46(ts) mutant bearing different l
plasmids. Because wild-type l plasmids cannot be intro-
duced into this dnaA mutant (Kur et al., 1987; We(grzyn et al.,
1996c), we used a double-mutant plasmid, lcro(ts)pA66
(pAS6), as well as plasmids pTCl1 and pTCl2.
The stability of the l replication complex may be easily
monitored by estimation of the decay of O protein in
pulse-chase experiments (We(grzyn et al., 1992, 1995b,
1996b, 1998). First, we performed pulse-chase experi-
ments with wild-type (dnaA1) cells harboring lcro(ts)
FIG. 6. Synthesis of pTCl1 (f) and pTCl2 () plasmid DNA in E. coli
dnaA46(ts) mutant growing in a medium containing cTc at final con-
centration of 0.5 mg/ml at 30°C and after a shift to 43°C at the time
indicated (arrow), as revealed by measurement of incorporation of
[3H]thymidine into plasmid DNA during 5-min pulses.
FIG. 5. Replication of plasmid pTCl1 (A and B) and pTCl2 (C and D)
in E. coli dnaA46(ts) mutant growing in LB medium containing cTc at
final concentrations of 0.5 mg/ml (A and C) or 5 mg/ml (B and D) at 30°C
(f) and after a shift to 43°C (F) at the time indicated (arrows), as
revealed by measurement of the relative plasmid amount per bacterial
mass.
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pA66 plasmid (pAS6), pTCl1, and pTCl2 (Figs. 8A, 8B, and
8C, respectively). The decay of the O protein occurring
immediately after the start of isotope chasing at 30°C (time
0) represents ClpP/ClpX-mediated proteolysis of an excess
of synthesized free O (We(grzyn et al., 1992; Szalewska et al.,
1994). A stable fraction of O, represents O molecules pro-
tected from ClpP/ClpX protease by other elements of the
replication complex (We(grzyn et al., 1995b, 1996b). A signif-
icant stable fraction of O was observed at 30°C and after a
temperature shift in cells bearing pAS6 and pTCl1. How-
ever, the stable lO fraction was significantly less abundant
at 30°C in cells bearing pTCl2, and this fraction disap-
peared after a temperature shift. Because pTCl2 differs
from pTCl1 by only a 130-bp deletion encompassing DnaA
box 59 (Fig. 1), these results indicate that DnaA may be
involved in stabilization of the replication complex.
We asked whether heat shock resistance of the repli-
cation complex in lcro2 [cro (ts) and pTCl] plasmids is
dependent on DnaA function. The pulse-chase experi-
ments have been repeated in E. coli dnaA46(ts) bacteria,
demonstrating the disassembly of the replication com-
plex at 43°C for all three plasmids (Figs. 8D–8F). This
process was blocked by coumermycin or nalidixic acid,
the specific inhibitors of DNA gyrase (Figs. 8G–8I), which
is in agreement with the model of gyrase-mediated neg-
ative supercoiling of plasmid DNA leading to dissocia-
tion of the replication complex and later to its disassem-
bly (We(grzyn et al., 1998). Therefore, the simplest con-
clusion was that the DNA-bound DnaA protein takes part
in a stabilization of the l DNA-bound replication complex
required for the resistance of this structure to the gyrase-
mediated negative supercoiling of plasmid DNA.
DISCUSSION
Involvement of the E. coli DnaA protein in the replica-
tion of plasmids derived from bacteriophage l was dem-
onstrated many years ago (Kur et al., 1987). Although
little importance of DnaA in propagation of l phage was
suggested in early reports (Hayes and Szybalski, 1975;
Furth and Wickner, 1983, and references therein), subse-
quent studies indicated a role for DnaA in the regulation
FIG. 7. Fusions containing a lacZ reporter gene under control of the ptetA promoter and bearing different fragments of l DNA between these two
genetic elements and their activities in E. coli dnaA1 and dnaA46(ts) strains at 43°C. (Long shaded arrows) Genes. (Short black arrow) Promoter.
(Arrowhead) Directionality of transcription. (Open arrows) DnaA box sequences present in l DNA. (Arrowheads) Orientation. The region of oril,
present in pHA1 and pHA2 and absent in pHA3, is indicated. For measurement of b-galactosidase activity, bacteria were grown at 30°C without cTc
(which prevented transcription from the ptetA promoter due to activity of the TetR repressor); then, cTc was added to a final concentration of 0.5 or
5 mg/ml, and the cultures were transferred from 30° to 43°C. b-Galactosidase (b-gal) activities were measured 1 h after the temperature shift, and
the results are presented for each fusion as a ratio of the activity in the dnaA46 host relative to dnaA1 strain.
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of bacteriophage l DNA replication in infected E. coli
cells (We(grzyn et al., 1995c). However, the mechanism of
DnaA-mediated regulation of replication of replicons that
do not contain DnaA box sequences at the origin region
remained unknown. Recent results indicated that DnaA
stimulates transcription from the pR promoter (We(grzyn
et al., 1995a, 1996c; Szalewska-Pałasz et al., 1998a); thus,
this protein positively regulates transcriptional activation
of oril. The results presented in this report indicate that
DnaA may play another, negative, role in the regulation of
l plasmid replication. This role could be observed in the
lcro2 plasmids, especially in our pTCl1 and pTCl2
constructs. Although one might expect a selective pres-
sure for adaptive mutations in these plasmids, it is un-
likely that pTCl1 and pTCl2 contain such mutations
because during their construction, we obtained transfor-
mants at efficiency typical of cloning procedures per-
formed in our laboratory (Herman-Antosiewicz et al.,
1998; current work). Inactivation of DnaA function results
in inhibition of wild-type l plasmid replication (We(grzyn
et al., 1996c). However, we do not know whether the
DnaA-mediated negative regulation of replication (de-
scribed in this work for lcro2 plasmids) does not occur
in wild-type l plasmids or also occurs in wild-type l
plasmids but is masked by simultaneous positive effects
of DnaA on transcriptional activation of oril.
The role of DnaA in the regulation of replication of pTC
plasmids seems to be important in that the deletion of a
single potential DnaA binding sequence from pTCl1
resulted in construction of a plasmid (pTCl2) that was
significantly less stable in E. coli. Even more spectacular
differences were observed in the stability of the replica-
tion complex in cells harboring pTCl1 and pTCl2. Pre-
vious studies indicated that stability of the replication
complex after a temperature upshift is characteristic for
lcro(ts) plasmid-harboring bacteria (We(grzyn et al.,
1996a, 1998). Here, we observed that the complex sur-
vived a temperature upshift in wild-type cells bearing
lcro(ts)pA66 plasmid or pTCl1 but not in cells bearing
pTCl2. The replication complex disassembled at 43°C in
dnaA46(ts) mutant for all three plasmids, indicating that
DnaA function is indeed necessary for stabilization of
this structure. Contrary to cro2 conditions, the replication
complex in cells harboring wild-type l plasmid disas-
sembles after a temperature upshift (We(grzyn et al.,
1996a, 1996b, 1998). To explain this difference, a compe-
tition between Cro and DnaA in binding to the l DNA
region around the pR promoter was speculated. If DnaA
is able to interact with components of l replication com-
plex, a higher-order nucleoprotein structure could be
formed (including DNA looping) that might stabilize the
replication complex more efficiently in the absence of
Cro function (We(grzyn et al., 1998). The results presented
here are compatible with this hypothesis. Because pTC
plasmids do not contain the pR promoter, another DnaA-
binding DNA region should be involved in such interac-
tions. The observation that heat shock resistance of the
replication complex occurs in cells harboring pTCl1 but
not in those harboring pTCl2 suggests the DnaA box 59
is the best candidate for such a region.
The negative role of DnaA in the replication of pTCl1
and pTCl2 plasmids was demonstrated in studies on
their replication in dnaA46 mutant. At a relatively low
concentration of cTc (0.5 mg/ml), inactivation of DnaA
function resulted in a transient stimulation of plasmid
DNA synthesis and an increase in the amount of plasmid
per bacterial mass for both pTCl1 and pTCl2. Such an
effect was not observed at a high cTc concentration (5
mg/ml). We propose the following hypothesis to explain
these results. It is known that for initiation of l plasmid
replication, transcription of the replication region is nec-
essary. This transcription provides mRNA for production
of the replication proteins (O and P) and serves as
transcriptional activation of oril (for a review, see Taylor
and We(grzyn, 1995). There are two pathways of l plas-
FIG. 8. Decay of the O protein in E. coli wild-type host (A–C) and
dnaA46(ts) mutant (D–I) bearing pAS6 (A, D, and G), pTCl1 (B, E, and
H), or pTCl2 (C, F, and I) plasmid at 30°C () and after a shift to 43°C
(f) at the time indicated (arrows). cTc (0.5 mg/ml) was present in the
medium during the entire experiment. Inhibition of DNA gyrase activity
(in experiments presented in G–I) was blocked by the addition of
nalidixic acid or coumermycin (both antibiotics gave the same results)
as described in Materials and Methods at the time indicated (arrows).
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mid DNA replication in E. coli: one based on the assem-
bly of a new replication complex, and another in which
the replication is carried out by the replication complex
inherited by one of two daughter plasmid copies after
each replication round (Szalewska-Pałasz et al., 1994;
We(grzyn et al., 1996a). However, it seems that even in the
first pathway, the assembly of the replication complex is
not a signal for triggering replication initiation, and this
stable structure awaits a real initiation signal, most prob-
ably the transcriptional activation of oril (We(grzyn et al.,
1996c; Taylor and We(grzyn, 1998). Because DnaA seems
to stabilize binding of the replication complex to lcro2
DNA (including pTCl plasmids), this structure may be
inactive in the replication initiation. Inactivation of DnaA
function might allow simultaneous triggering of replica-
tion from oris containing already assembled replication
complexes before the disassembly of them (note that the
total disassembly takes at least several minutes and
replication of l plasmid DNA should be completed within
a few seconds), which we observed as a transient in-
crease in the rate of plasmid DNA synthesis. The assem-
bly of new replication complexes at 43°C is possible
because a temperature shift rather than a high temper-
ature per se causes the replication complex disassembly
(We(grzyn et al., 1996b). Because low cTc concentrations
(such as 0.5 mg/ml) result in relatively infrequent tran-
scription of the replication region, the assembly of new
replication complexes, as well as transcriptional activa-
tion of oril, would be sufficiently rare to initiate subse-
quent replication rounds at 43°C at a frequency similar to
that observed at 30°C. At high cTc concentrations (e.g., 5
mg/ml), the production of mRNA for synthesis of O and P
proteins should be very efficient and frequent transcrip-
tional activation of oril should occur. Thus, this regula-
tion might overcome the DnaA-mediated block in the
replication initiation, and we did not observe effects of
DnaA inactivation on replication of pTCl1 and pTCl2.
MATERIALS AND METHODS
Bacterial strains, plasmids, and fusions
Wild-type E. coli K-12 strain MG1655 (Jensen, 1993)
and its dnaA46 zid-3162::Tn10kan derivative, BM446
(constructed by P1 transduction from BM273; described
by We(grzyn et al., 1996c), were used. The HfrC strain
BM275 and HfrC dnaA46 zid-3162::Tn10kan strain BM277
(We(grzyn et al., 1996c) were also used (activity of the ori
of the F plasmid integrated into the chromosome of the
dnaA46 mutant allows cell growth at increased temper-
atures). Strain NO3322 (Gourse et al., 1986) harbors a
single-copy ptetA-lacZ fusion on a cI857 prophage. The
dnaA46(ts) allele was introduced into NO3322 by P1
transduction using a KmR marker close to the dnaA
locus; strain BM273 (We(grzyn et al., 1996b) was used as
a donor in P1 transduction. Plasmid pAClCI (bearing a
wild-type cI gene) was introduced into NO3322 and its
dnaA46 derivative to prevent excision of the l prophage
at 43°C. A series of otherwise isogenic dnaA1 (CM732)
and dnaA(ts) mutants, dnaA5 (CM740), dnaA46 (CM742),
dnaA204 (CM746), dnaA508 (CM2555) and dnaA602
(CM2735), as well as the dnaA-null mutant (TC3478),
have already been described (Hansen et al., 1984; Ing-
mer and Atlung, 1992; We(grzyn et al., 1996b). Plasmid
pBR322 (Bolivar et al., 1977) is a pMB1 (ColE1-type)
replicon and was used as a control in transformation
experiments. Plasmid pKB2 (Kur et al., 1987) is a stan-
dard l plasmid (containing phage l replication region
from pR to P gene) bearing a Km
R gene. Plasmid pAS6 is
an analogous l plasmid but bears cro(ts) and pA66
mutations and a CmR gene (Obuchowski et al., 1997).
Plasmid pTCl1 (Herman-Antosiewicz et al., 1998) con-
tains the TcR gene promoter, ptetA, under the control of
the TetR repressor in place of the oR/pR-cro-tR1-cII9 re-
gion of a standard l plasmid. Plasmid pTCl2 was con-
structed by deletion of the KpnI/KpnI fragment (130 bp)
from pTCl1 (for details, see Fig. 1). Plasmids pTCl19 and
pTCl29 are derivatives of pTCl1 and pTCl2, respec-
tively, which bear a KmR gene cloned by introduction of
the HindIII/BamHI fragment (1.8 kb) from pKB2 into cor-
responding sites of either pTCl1 or pTCl2. Plasmid pAC-
lCI (Dove et al., 1997) is a p15A replicon bearing a CmR
gene and l cI gene under control of the lacUV5 promoter.
Fusions bearing the ptetA promoter, different parts of l
DNA sequence, and the lacZ reporter gene were con-
structed in this study and contain different fragments of
the pTCl1 plasmid cloned into the pHG86 vector (de-
signed to construct lacZ transcription fusions) (Giladi et
al., 1992): pHA1 contains the PstI/SmaI fragment of
pTCl1 cloned into corresponding sites of pHG86, pHA2
contains the PstI/PstI fragment of pTCl1 cloned between
the PstI and SmaI sites of pHG86, and pHA3 contains the
SspI/SspI fragment of pTCl1 cloned into the SmaI site of
pHG86.
DNA manipulations
All DNA manipulations were performed as described
by Sambrook et al. (1989).
Determination of plasmid copy number
Plasmid copy number in E. coli cells was measured as
described by We(grzyn et al. (1996c).
Maintenance of plasmids in host cell lines
Plasmid maintenance was investigated according to
the previously described method of We(grzyn et al.
(1996a).
Replication of plasmids in the host cells
Plasmid DNA replication in E. coli cells was investi-
gated according to Herman et al. (1994a) by measure-
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ment of relative plasmid content per bacterial mass. The
kinetics of plasmid DNA replication was estimated by
pulse labeling with [3H]thymidine as described previ-
ously (Herman et al., 1994b). Briefly, bacteria-haboring
plasmids were labeled with [3H]thymidine for 5 min;
plasmid DNA was isolated by alkaline lysis (Sambrook et
al., 1989), linearized with a restriction enzyme, and sep-
arated by agarose gel electrophoresis. Plasmid DNA
bands were cut out from the gel, agarose slices were
solubilized by overnight incubation in 2 N HCl at 60°C,
and radioactivity was measured in a scintillation counter.
Measurement of b-galactosidase activity
Activity of b-galactosidase was measured according
to Miller (1972).
O protein decay
Decay of the O protein was measured as described
previously (We(grzyn et al., 1995b, 1996b). Briefly, bacteria
harboring a l plasmid were pulse labeled with [35S]me-
thionine, and the label was chased by the addition of
excess unlabeled L-methionine (time 0 in the figures).
Temperature upshift (from 30° to 43°C) was performed at
indicated times. The samples were withdrawn at indi-
cated times, bacteria were lysed, and the cellular lysates
were immunoprecipitated with anti-O serum. Then, the
isotope-labeled proteins were separated on SDS–12.5%
polyacrylamide gels and visualized by autoradiography.
The bands of the lO protein remaining after different
chase times were quantified by densitometry. In some
experiments, the activity of DNA gyrase was blocked by
the addition of nalidixic acid (to a final concentration of
100 mg/ml) or coumermycin (to a final concentration of 50
mg/ml) at the time of a temperature upshift.
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